Among the five antibody classes (immunoglobulin G (IgG), IgM, IgA, IgD, IgE), 3, 4) IgGs have been used most frequently in clinical settings. Of the four IgG subclasses (IgG1-IgG4), which differ in their heavy chain sequences, hinge lengths, and disulfide bonding patterns, IgG3 has not been clinically used. This is because it exhibits a shorter half-life in the blood and antibodies of this subclass do not bind to protein A, which is critical for the efficient affinity purification of IgG.
5) The other three subclasses (IgG1, IgG2, IgG4) exhibit differential antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) activities, and the appropriate subclass is chosen for therapy based on the intended mode of action (ADCC, CDC, agonist, or antagonist).
Although antibodies have low side effects compared with other pharmaceuticals because of their high antigen specificities, minimizing their immunogenicity is important. Humanization of monoclonal antibodies from murine sequences has greatly contributed to such minimization 6, 7) ; however, the deterioration of antibody proteins may nevertheless result in immunogenic reactions. 8, 9) These deteriorations are classified into two classes: chemical and physical. Chemical deterioration includes fragmentation, oxidation, deamination, isomerization, and polymerization, the extent of which depends on the amino acid sequence of the antibody and solution conditions (pH, salt, and temperature). [10] [11] [12] Physical deterioration includes aggregation and denaturation, the extent of which depends on the higher structure of the antibody (charge distribution, hydrophobic patches on the protein surface, and thermal stability) as well as solution conditions. [13] [14] [15] The deterioration of therapeutic antibodies increases the immunogenicity of antibody proteins, and the immunogenicity of antibody aggregates has been extensively studied for more than 40 years. In 1966, Gamble revealed that heatinduced aggregates of human gamma globulin elicited immune responses in mice. 16) In addition, Hermeling et al. reported that aggregates of recombinant human interferon a2b (rhIFNa2b), which were induced by metalcatalyzed oxidation, exhibited immunogenic reactions in transgenic mice that had been conferred tolerant to rhIFNa2b. 17) Although several case reports have noted the immunogenic reactions of individual proteins, the mechanisms by which therapeutic proteins express immunogenicity remain unclear. 8, 9) It is thus critical to minimize the deterioration of proteins to the maximum possible extent to prevent the risk of unexpected immunogenic reactions.
In addition to metal/oxygen, many stressors are known to deteriorate antibodies: shear stress, heat, vibration, freezethawing, UV exposure, extreme pH etc. Previously, we reported that the stirring-induced aggregation of antibodies can be prevented by replacing bottom-magnetic type stirrers with top-entering type stirrers. 18) And our preliminary experiments indicated that heat had the most significant effects on the aggregation and degradation of antibodies among heat, vibration, and freeze-thawing (not shown). So we analyzed the effects of heat which accelerates deterioration of antibodies during storage. To minimize the deterioration of therapeutic monoclonal antibodies during storage, the formulation is optimized for each antibody. This optimization is timeconsuming and requires an elaborate process in which the stability of an antibody is analyzed in an array of media using a variety of physicochemical methods. It should, however, be possible to prepare formulations based on conditions that are common to many antibodies and that protect the anti- bodies against chemical and physical deterioration, because IgGs share structural similarities in their framework regions. These basic common formulations could then facilitate further optimization of formulations for each individual antibody, which, in turn, could accelerate the development of therapeutic monoclonal antibodies. In this study, we analyzed the effects of solution pH, the most critical factor for preparing an antibody formulation, on the chemical and physical stability of the clinically used IgG subclasses of antibodies: IgG1, IgG2, and IgG4. Determining the optimal pH is considered a useful starting point for the optimization of antibody formulations. The different susceptibilities of each subclass to chemical and physical deterioration observed in this study should also serve as useful guidelines when choosing a suitable subclass and optimizing antibody formulations.
MATERIALS AND METHODS

Materials
The pharmaceutical grade IgG antibodies used in this study (seven IgG1, two IgG2, and three IgG4; listed in Table 1 ) were manufactured by Kyowa Hakko Kirin Co., Ltd. (Tokyo, Japan). All antibodies were expressed in Chinese Hamster Ovary cells under essentially identical conditions, hence significant heterogeneity in the carbohydrate moiety attached to the CH2 domain was not expected. The secreted antibodies were recovered from the culture medium and purified using a series of chromatographic and filtration steps.
G1-A, G2-A, and G4-A had the same variable regions as do G1-B, G2-B, and G4-B. Their isoelectric points (pI) were in the range of 8-9. The antibody solution contained 10 mM sodium glutamate, 262 mM sorbitol, and 0.05 mg/ml polysorbate 80. Glutamate was selected from the buffer compounds commonly used in clinical antibody formulations (glutamate, phosphate, citrate, and histidine) because phosphate induced the aggregation of G1-A and citrate induced both aggregation and fragmentation of G1-A in preliminary experiments. Sorbitol was selected from the tonicity agents commonly used in antibody formulations (sodium chloride, mannitol, and sucrose) because sodium chloride induced the turbidity and mannitol induced the aggregation under the freeze/thaw conditions. Polysorbate 80 was added to prevent protein particle formation (data not shown). All excipients meet the monographs in the United States Pharmacopeia-National Formulary.
All evaluated antibodies were buffer exchanged into the formulations of desired pH values (Figs. 3-6 ) by using a desalting column (NAP25 column, GE Healthcare U.K. Ltd., Buckinghamshire, England), and their concentrations were adjusted to as shown in Table 1 . The formulated antibody solutions were sterilized by 0.22 mm filter, and 1 ml of each solution was filled into sterilized USP type I, 5-ml capacity glass vial and sealed with autoclaved rubber stopper. These prepared samples were stored in the temperature-controlled incubator at 40°C for 1 month before the size exclusion chromatography (SEC) analysis. Because glutamate (pK a 4.25) has little buffering capability at neutral pH, sample pH tends to drift downward after the buffer exchange to the neutral pH. The indicated pH is the measured value after filtration. The sample pH does not change, however, during storage at 40°C over 1 month.
Differential Scanning Calorimetry (DSC) Thermal stability of the antibodies was analyzed using a VP-DSC differential scanning calorimeter (MicroCal, Piscataway, NJ, U.S.A.). Antibody samples (1 mg/ml) were analyzed over the temperature range 20-100°C and at a heating rate of 1°C/min.
Circular Dichroism (CD)
To analyze the secondary structures of the antibodies, CD spectra of antibody samples (1 mg/ml) were recorded in a 1-mm path quartz cuvette using a J-820 spectropolarimeter (Jasco, Tokyo, Japan) at 25°C and a wavelength range of 200-260 nm.
Size Exclusion Chromatography (SEC) The amounts of aggregates (high molecular weight species, HMWS) and degradation species (low molecular weight species, LMWS) were analyzed by SEC using G3000SWXL column (7.8 mm i.d.ϫ30 cm; Tosoh Corp. Tokyo, Japan). The mobile phase consisted of 50 mM sodium phosphate (pH 7.0) and 500 mM sodium chloride. The experimental conditions were as follows: injected protein, 20 mg; flow rate, 0.5 ml/min; detection wavelength, 215 and 280 nm; and analysis time, 30 min. The amounts of HMWS and LMWS present in aseptic antibody samples that had been stored at 40°C for 1 month in glass vials were determined and expressed as a relative increment compared to those of freshly prepared antibody samples.
RESULTS AND DISCUSSION
Thermal Stability of Antibodies of Different Subclasses with the Same Variable Region
Various studies have been reported on the stability of monoclonal antibodies: Zav'yalov and Tishchenko analyzed the Tm (thermal unfolding transition midpoint temperature) of human myeloma Fab by DSC and found that Tm is strongly dependent on sample pH. 19) Shimba et al. reported that the CH1 and CL domains serve to improve the stability of the variable domains. 20) Ghirlando et al. 21) and Mimura et al. 22) reported that the CH2 domain of IgG1 and IgG4 is stabilized by the sugar moiety attached the domain. Garber et al. found that the stability of IgG subclasses is in the order of IgG1ϾIgG2ϾIgG4ϾIgG3 by analyzing four subclasses of antibodies with different variable regions by DSC. They confirmed the stability order of IgG1ϾIgG4 by analyzing two antibodies having the same variable regions. 23) In the present study, to analyze the effects of subtype on 
Each set of IgGs annotated with A or B has the same variable regions.
the stability of whole monoclonal antibody in more detail, DSC thermograms were obtained for antibodies from three different subclasses that had the same variable region (G1-A, G2-A, G4-A). The largest peak in each thermogram has been known to correspond to the unfolding of Fab. 24) Although the variable region was the same for the three antibodies, their Tm differed in the order of G1ϾG2ϾG4 (Fig. 1) . The same order of Tm values was also observed for antibodies G1-B, G2-B, and G4-B, which also had the same variable region (data not shown). These observations suggest that the stability of the Fab region is affected depending on the identity of the antibody subclass, probably due to the intramolecular inter-domain interaction between variable regions and constant regions. In fact, 13 C-NMR chemical shift values of variable regions, which reflect local environments of the observed nuclei in the regions, have been shown to change depending on the subclass. 25) It is quite important to compare antibodies having the 'same' variable regions (as used in this study) to analyze the effects of subtype on the stability of monoclonal antibodies because amino acid sequences of variable regions affect the stability of Fab. 19) Secondary Structure Analysis of Antibodies of Different Subclasses with the Same Variable Region Because different stabilities were observed by DSC analysis depending on the IgG subclasses, the secondary structures of the antibodies from the different subclasses were analyzed by CD spectroscopy. The CD spectra of three antibodies (G1-A, G2-A, G4-A) were nearly identical and characteristic of a bsheet structure (Fig. 2) as was expected from their crystal structures. These observations suggest that the secondary structures of G1-A, G2-A, and G4-A do not differ significantly irrespective of the subclass and that the different stability depending on the subtype is ascribed to the differences in the disulfide bonding patterns, 26) in the tertiary structure of each domain, or in domain-domain interactions. 
Thermal Stability of Antibodies of Different Subclasses at Various pH Values
The relative increments in terms of the amounts of aggregates (High Molecular Weight Species, HMWS) and degradation products (Low Molecular Weight Species, LMWS) present in the antibody solutions after storage at 40°C for 1 month are shown in the SEC-HPLC chromatograms (Fig. 3) . HMWS and LMWS appeared earlier and later, respectively, than the primary intact non-aggregated antibody (eluted at about 16 min). Reference samples that were not subjected to heat stress contained less HMWS and LMWS; the amounts of both species increased after exposure to heat stress but to different extents depending on the subclass and pH.
The relative increments in areas of HMWS and LMWS in IgG samples with the same variable region were compared among the IgG1, IgG2, and IgG4 subclasses (Fig. 4) . The ordinate indicates the increment in the area relative to the reference sample. IgG4 exhibited a much stronger tendency to aggregate than IgG1 and IgG2 (Figs. 4A, C) , which is in agreement with the lower thermal stability of IgG4 found in this study and the literature reporting 25-75% absence of inter-heavy chain disulfide bonds and the in vivo exchange of half-molecules (one heavy chain and one light chain) between different IgG4 molecules. 26) The pH dependence of aggregate formation varied depending on the variable region: G4-A exhibited the largest aggregation at pH about 7, whereas G4-B at pH 4. Such large effects of the variable region on the aggregation properties of IgG4 may be due to the closer proximity of the variable region to CH2 regions in IgG4 molecules than in other IgG molecules.
26) It is interesting to note that shear stress-induced aggregation of IgG4 as well as heat-induced one is strongly pH dependent. 27) IgG1 and IgG2 aggregated at neutral pH, to a lesser extent, probably due to diminished intermolecular repulsion at a pH close to the pI for each antibody.
IgG1 samples exhibited more LMWS compared with IgG2 and IgG4 samples (Figs. 4B, D) , which indicates the lower chemical stability of IgG1. The amount of LMWS was highest at pH 4 for each subclass, although with different extents. Antibodies are known to be cleaved non-enzymatically under acidic pH conditions at the hinge region. 28) The averaged increments of HMWS and LMWS for all antibodies in each subclass analyzed in this study are plotted against pH in Figs. 5 and 6, respectively. We found that the antibodies were most stable at a pH range of 5.0-5.5 irrespective of the subclass. Seven IgG1 antibodies behaved similarly with small standard deviation values and exhibited low aggregation but high degradation tendencies. The light chain isotype (k or l) did not affect the stability of IgG1 because the standard deviations of HMWS and LMWS were small, despite the fact that two IgG1 antibodies contained l light chains whereas the other five contained k light chains (Table  1) . IgG2 antibodies were found to be stable against both aggregation and degradation, although the number of samples was limited to only two. IgG4 exhibited the strongest tendency to aggregate and the largest dispersion probably due to its low thermal stability.
CONCLUSION
We found that therapeutic IgG molecules are most stable at a pH range of 5.0-5.5 irrespective of the subclass. Although it would be tedious to determine the optimal conditions for each antibody sample from a scratch, this pH range would be a good starting point when optimizing formulations for various antibodies. The different chemical and physical stability of IgG1, IgG2, and IgG4 determined in this study should also prove helpful for choosing the appropriate subclass for individual monoclonal antibody therapies.
